Dynein is a huge multisubunit microtubule (MT)-based motor, whose motor domain resides in the heavy chain. The heavy chain comprises a ring of six AAA (ATPases associated with diverse cellular activities) modules with two slender protruding domains, the tail and stalk. It has been proposed that during the ATP hydrolysis cycle, this tail domain swings against the AAA ring as a lever arm to generate the power stroke. However, there is currently no direct evidence to support the model that the tail swing is tightly linked to dynein motility. To address the question of whether the power stroke of the tail drives MT sliding, we devised an in vitro motility assay using genetically biotinylated cytoplasmic dyneins anchored on a glass surface in the desired orientation with a biotin-streptavidin linkage. Assays on the dyneins with the site-directed biotin tag at eight different locations provided evidence that robust MT sliding is driven by the power stroke of the tail. Furthermore, the assays revealed slow MT sliding independent of dynein orientation on the glass surface, which is mechanically distinct from the sliding driven by the power stroke of the tail.
Dynein is a huge multisubunit microtubule (MT)-based motor, whose motor domain resides in the heavy chain. The heavy chain comprises a ring of six AAA (ATPases associated with diverse cellular activities) modules with two slender protruding domains, the tail and stalk. It has been proposed that during the ATP hydrolysis cycle, this tail domain swings against the AAA ring as a lever arm to generate the power stroke. However, there is currently no direct evidence to support the model that the tail swing is tightly linked to dynein motility. To address the question of whether the power stroke of the tail drives MT sliding, we devised an in vitro motility assay using genetically biotinylated cytoplasmic dyneins anchored on a glass surface in the desired orientation with a biotin-streptavidin linkage. Assays on the dyneins with the site-directed biotin tag at eight different locations provided evidence that robust MT sliding is driven by the power stroke of the tail. Furthermore, the assays revealed slow MT sliding independent of dynein orientation on the glass surface, which is mechanically distinct from the sliding driven by the power stroke of the tail.
AAA protein ͉ motility ͉ motor protein ͉ power stroke C ytoplasmic dynein is a large motor complex that uses hydrolysis of ATP to generate force and movement along microtubules (MTs) toward the minus end (1) . This directed transport is involved in a wide variety of cellular processes, such as mitosis, Golgi dynamics, and trafficking of various vesicles and organelles (2) (3) (4) (5) (6) . The dynein complex consists of two identical heavy chains (each Ͼ500 kDa) together with a number of smaller associated polypeptides (7, 8) . The dynein heavy chain, a member of the AAA ϩ (ATPases associated with diverse cellular activities) superfamily of mechanoenzymes (9) , is responsible for the motile activity of dynein (10, 11) and folds to form three structurally distinct domains, the tail, ring, and stalk. The N-terminal one-third of each heavy chain constitutes an elongated structure known as the tail that contains a dimerization site and binding sites for associated polypeptides and cargoes (7, 12, 13) . The C-terminal two-thirds contain six AAA ϩ modules (AAA1-AAA6) linked in tandem (9) and a seventh non-AAA ϩ module (14, 15) , all of which fold into a ring-shaped structure (AAA ring) (16) that is characteristic of AAA ϩ proteins (9) . Each of the first four AAA ϩ modules (AAA1-AAA4) is predicted to contain a nucleotide binding͞hydrolysis site (17) (18) (19) (20) , although ATPase activity at the AAA1 module is essential only for the motile activity of dynein (21) , and others may regulate the ATPase cycle at AAA1 (21, 22) . The MT-binding site is in a small globular tip of a long (Ϸ15 nm) antiparallel coiled-coil protruding from the AAA ring (23, 24) . This long coiled-coil, together with the globular tip, is known as the stalk (25) .
In general, ATP-driven mechanoenzymes amplify small conformational changes induced by ATP binding and͞or hydrolysis into large-scale structural changes to generate force and movement. Recently, using single-particle processing of negatively stained electron microscopic images of axonemal inner-arm dynein c, it has been shown that the dynein tail swings against the AAA ring in a way that depends on the nucleotide state at the ATPase site(s) (26) . Based on this observation, the ''power stroke'' model of the tail has been proposed as the forcegenerating mechanism of dynein (26) . Furthermore, the evidence that tail motions against the AAA ring actually take place during the ATP hydrolysis cycle has been provided by FRET measurements of the recombinant, single-headed dynein motor domain fused with two fluorescent proteins (27) .
Although the electron microscopic image analyses and FRET measurements strongly suggest that the dynein tail swings against the AAA ring during the ATP hydrolysis cycle, there is currently no evidence that this tail swing is directly responsible for force generation in dynein. Contrary to the tail swing model, the results of a recent electron microscopic study on cytoplasmic dynein have suggested that the dynein tail does not have any fixed orientation relative to the ring (28) . Besides the power stroke of the tail, other models for the force generation mechanism of dynein can be proposed. For example, the stalk may swing against the AAA ring during ATP hydrolysis and have an active role as a lever arm (23, 29, 30) . Consistent with this idea, it has been reported that the flexibility of the long stalk changes depending on the nucleotide state of dynein (26) . Biased Brownian motion may also play an essential role in dynein motility, as proposed for some kinesin and myosin motors (31) (32) (33) (34) . In fact, a single molecule of the single-headed axonemal dynein c processively slides on MT, implying that this dynein may be driven by biased Brownian motion (35) .
To address the question of whether the tail is a mechanical lever arm responsible for the power stroke or whether other force-generating mechanisms play an essential role in dynein motility, we devised experiments to uncouple the tail swing and the power stroke of the tail. A biotin tag was inserted at particular locations along the tail or in the AAA ring, and then the biotinylated dyneins were anchored on a glass surface by using a biotin-streptavidin linkage. In vitro motility assays using these biotinylated dyneins anchored in various orientations have provided evidence for the power stroke of the tail. Furthermore, the assays have revealed a second mode of slow MT sliding, which is mechanically distinct from the sliding driven by the power stroke of the tail.
Results

Construction of the 380-kDa Dynein Motor Domain with a Biotinylated
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This article is a PNAS direct submission. (21, 27) , we created seven types of dyneins containing a genetically introduced biotin tag of 72 amino acid residues in different locations along the tail and within the AAA ring (Fig. 1A) . The T1, T2, T3, and T4 constructs have the biotin tag inserted along the tail after amino acid residues Thr-1490, Leu-1555, Glu-1732, and Thr-1912, respectively (the N terminus of the truncated tail is Val-1383). The R1, R2, and R7 constructs have the biotin tag inserted between the AAA1 and AAA2 modules, in the AAA2 module, and in the C-terminal seventh module, respectively.
We first examined whether insertion of this biotin tag in the dynein motor domain would impair its motor mechanics and ATPase kinetics because of structural changes from the insertion. Motility assays were carried out on biotinylated dyneins whose N-terminal GFP tags were anchored to a glass surface by using a monoclonal anti-GFP antibody. Under the assay conditions, most of the biotinylated dyneins drove robust MT sliding at a velocity similar to that of the control dynein (HFG380) (Fig. 2 , open bars), although some of the constructs (T2, for example) showed lower velocities. These findings indicate that insertion of the biotin tag had only a minor inhibitory effect, if any, on the ability of dynein to drive MT sliding. Consistent with these results, the basal and MTactivated ATPase activities of these biotinylated dyneins were similar to or slightly lower than those of the control dynein (Fig. 3) . Taken together, it seems that the biotinylation of dynein does not significantly affect motor mechanics and ATPase kinetics.
MT-Sliding Velocity Depends on Anchoring Position of Dynein. We carried out motility assays for the seven biotinylated dynein constructs and the 380-kDa fragment carrying the biotin tag at the N terminus (HFB380) as a control, after anchoring the biotinylated dyneins on a glass surface by biotin-streptavidin linkage ( Fig. 1 B and C) . The biotin-streptavidin linkage did not exert any inhibitory effect on motor mechanics or ATPase kinetics, as judged from the observation that an excess amount of free streptavidin in the assay medium affected neither ATPase activity (Fig. 3 , cross-hatched bars) nor MT sliding over biotinylated dyneins whose N termini were anchored on the glass surface with anti-GFP antibodies (Fig. 2 , cross-hatched bars).
In motility assays on a glass surface coated with streptavidin, all of the dynein constructs drove one-directional MT sliding. However, the sliding velocity dramatically varied depending on MT-sliding velocities are plotted as log-scale histograms. When the dynein (Dyn) constructs were anchored on a glass surface via their biotin moiety, the MT sliding velocity dramatically depends on anchoring position (filled bars, Dyn͞SA, with SA being streptavidin). In contrast, when the dyneins were anchored on the glass via the N-terminal GFP moiety, they drove robust MT sliding at a similar velocity, independent of the biotin tag position (open bars, Dyn͞anti-GFP), which was not affected by saturating the biotin moiety with streptavidin before measurement (cross-hatched bars, DynϩSA͞anti-GFP). Error bars indicate SD.
the position of tag insertion within the dynein molecule (Fig. 2,  filled bars) . HFB380, whose biotin tag was located at the N terminus, drove MT sliding at a velocity of 3.2 Ϯ 0.4 m͞s. For dyneins carrying the biotin tag within the truncated tail (T1-T4), as the biotin tag was inserted closer to the tail-AAA ring junction, the velocity was slower, down to 0.03 Ϯ 0.01 and 0.04 Ϯ 0.02 m͞s for T3 and T4, respectively. The observation that MT-sliding velocity was highly sensitive to the location of the anchoring point on the dynein tail is consistent with the power stroke model, in which the tail is proposed to work as a lever arm to generate rotation of the AAA ring and stalk domains (see Discussion) (26) . Dynein molecules carrying the biotin tag within the AAA ring (R1, R2, and R7) also drove slow one-directional MT sliding (0.04 Ϯ 0.02, 0.05 Ϯ 0.03, and 0.06 Ϯ 0.03 m͞s, respectively) (see Movie 1, which is published as supporting information on the PNAS web site).
The slow sliding was driven by minus end-directed motors, as shown by the observation that most polarity-labeled MT filaments (33 among 34 moving filaments) slid pointing their plus end forward (Fig. 4A) .
Dynein Exhibits Two Modes of MT Sliding. When the AAA ring of dynein is anchored on a glass surface by biotin-streptavidin linkage, the tail swing cannot contribute to the slow MT sliding because the tail can freely swing without moving the AAA ring and stalk domains as illustrated in Fig. 1C . Therefore, the slow, one-directional sliding may indicate the presence of a second sliding mechanism that does not require the tail swing. However, there remains another possibility: a small number of dynein molecules binding nonspecifically to the glass surface, not the majority of biotinylated dyneins anchored through the specific biotin-streptavidin linkage, drove this slow sliding. To exclude this possibility, we examined the relationship between sliding velocity and surface dynein density. As previously reported (36) and confirmed here, dynein constructs (HFB380) anchored on a glass surface through N-terminal biotin drive robust MT sliding (Ϸ3 m͞s) at high dynein densities, but the sliding velocity becomes slower at a lower density (Ͻ65 molecules per m 2 ) where the number of dynein molecules accessible to a single MT filament approaches the minimum number of dynein molecules required for continuous MT sliding (Fig. 4B) .
Similar velocity measurements were performed on one of the dynein constructs with the biotin tag inserted in the AAA ring (R2). The measurements showed that most of the MT filaments on the glass surface slid slowly even at the lowest dynein density examined here. The velocity-density profile in Fig. 4B shows that the velocity remained at the same level over a wide range of dynein densities, down to 15 molecules per m 2 , at which concentration only two or three dynein molecules were estimated to be accessible to a single MT filament (see Materials and Methods). The flat velocity-density profile of the R2 construct, however, does not necessarily mean that it is a highly processive motor with high duty ratio (the ratio of stroke time to the total ATPase cycle time), because a large variation in velocity measurements caused by the slow MT sliding does not allow for such a quantitative argument. We then roughly estimated the ratio of dynein molecules anchored through the specific biotin-streptavidin linkages relative to those attaching nonspecifically on the glass surface by simply counting the number of MTs with and without pretreating the streptavidin-coated glass surface with 5 mM d-biotin to block all of the biotin-binding sites. When the glass surface was not treated with biotin before covering it with biotinylated dynein at a density of 15 molecules per m 2 , the total number of filaments observed in 15 randomly selected microscope fields was 148. With biotin pretreatment, however, no filaments were observed under the same conditions. Similar control experiments using a nonbiotinylated dynein construct, HFG380, confirmed that the biotinylated construct was very selectively anchored on the glass surface through the biotin-streptavidin linkage; under the same conditions as above, the total number of filaments observed in 15 randomly selected microscope fields was only two with biotin pretreatment and no MT filaments were observed without biotin pretreatment. These results suggest that the ratio of biotinspecific to nonspecific attachment of dynein molecules on the glass surface would be at least Ϸ150:Ϸ2. Because a single MT filament sliding slowly in one direction is estimated to interact with only two or three dynein molecules at this dynein density (15 molecules per m 2 ), we concluded that this slow MT sliding was driven by dynein molecules anchored through the specific biotinstreptavidin linkage.
Discussion
Here we have shown that cytoplasmic dynein can exhibit two modes of MT sliding activity. One is responsible for robust MT sliding and is likely to be driven by the power stroke of the tail. The other is responsible for much slower one-directional sliding and may be driven by biased Brownian motion, as proposed to other molecular motors (31) (32) (33) (34) , or by active tilting of the stalk against the AAA ring (23, 29, 30) . Even though the robust and slow sliding motions of MT are driven by two distinct mechanisms, they exhibit the same directionality.
Because robust sliding of MT requires the contribution of the distal end of the truncated tail, the active stalk tilting against the AAA ring (23, 29, 30 ) or biased Brownian motion (31) can be excluded as driving mechanisms, at least for the robust MT sliding, although they may contribute to the slow sliding as discussed below. Thus, the robust sliding observed here is most likely to be driven by the power stroke mechanism wherein the tail swings against the AAA ring to generate rotation of the ring that accompanies the stalk swing against the bound MT (26). Consistent with this notion, it is reported that MT sliding on recombinant yeast dynein also requires the contribution of the tail (37) .
When the tail was anchored on the glass surface at a location closer to the tail-ring junction, the MT sliding velocity became slower, as observed for the HFB380, T1, T2, and T3 constructs. This strong dependence of the sliding velocity on the anchoring location implies that a distal part of the tail works as a lever arm for the power stroke. In the framework of the power stroke model, the sliding velocity depends on ATPase rate, duty ratio, and step size of dynein (38) . Thus, our finding implies further that the step size of the biotinylated dynein construct may change depending on the anchoring position along the tail, because ATPase kinetics of dynein (ATPase rate and duty ratio) would be unaffected by shifting the position. The biotinylated dynein anchored at the N-terminal GFP tag may exert an 8-nm step for the robust sliding, as expected from recent reports on the step size of dimeric cytoplasmic dynein on MT (37, 39) , whereas the same dynein construct anchored at the biotin tag would exert a much shorter step for the slower sliding.
A similar strong dependence of the motile activity of myosin and kinesin on their anchoring position has been reported. When the rod-like IQ domain of myosin was truncated or elongated, in vitro motility assays for myosins anchored at the end of the IQ domain showed that the velocity of actin filament sliding was linearly related to the length of the IQ domain, which supports the model whereby the IQ domain works as a mechanical lever for the power stroke (40) (41) (42) (43) . Truncation or elongation of the kinesin neck region, which is thought to be the kinesin lever arm, has revealed that kinesin motile activity depends on the length of the neck region (44) (45) (46) . The result has confirmed that the kinesin neck also acts as a lever arm for the power stroke. Thus, all three types of molecular motors, myosin, kinesin, and dynein, seem to share a similar motility mechanism, the power stroke of the lever arm, even though dynein has a very different evolutionary history and molecular architecture from those of myosin and kinesin.
Anchoring the dynein molecules on a glass surface in the desired orientation made it possible to uncouple the tail swing and the ring rotation against the glass surface by holding the AAA ring via the biotin-streptavidin linkage. Under these conditions, the power stroke of the tail was suppressed and the second mode of MT sliding became apparent, because the tail was allowed to swing freely without rotation of the AAA ring. All three constructs with biotin tags in the AAA ring (R1, R2, and R7) drove slow MT sliding at similar velocities. The T3 and T4 constructs with the biotin tag in the tail proximal to the tail-ring junction showed similar slow MT sliding. The sliding velocity vs. surface dynein density profile for the R2 construct showed that the dynein molecules anchored by the specific biotin-streptavidin linkage were responsible for this slow sliding (Fig. 4B) , which is also likely true for other dynein constructs exhibiting slow MT sliding.
The slow MT sliding of the biotinylated dynein anchored at the AAA ring (R1, R2, R7) or at the tail close to the tail-ring junction (T3, T4) would be caused by changes in motor mechanics, not from changes in ATPase kinetics such as the ATPase rate or duty ratio, because the same dynein drove robust MT sliding when anchored at the N-terminal GFP tag. The shift of anchoring position from the N terminus to the AAA ring, for example, may affect the step size, but not ATPase kinetics as discussed above for the T1-T3 constructs. It would also be unlikely that the slow velocity resulted from steric hindrance to the MT sliding. This notion was judged from the spatial locations of the tail end and the biotin tag in the R1 or R2 construct. From electron microscopic observations, the biotin tag in these constructs is expected to be located at the edge of the AAA ring and on the opposite side of the stalk, whereas the N-terminal tail end is close to the stalk base (S. Burgess, personal communication). Therefore, steric hindrance to MT sliding, if any, would be more severe for HFB380 than for the R1 or R2 construct, because the anchoring site of HFB380 is very close to the stalk on which the MT filament slides. Therefore, at least for the R1 and R2 constructs, the slow MT sliding is an intrinsic property detected when the tail swing is uncoupled from robust MT sliding.
When molecules of KIF1A, a member of the kinesin superfamily, were anchored on a glass surface by biotin-streptavidin linkage either at their N or C terminus, MT filaments slid at similar velocities independently of the anchoring orientation of these KIF1A molecules, suggesting that this MT sliding is driven by biased Brownian motion (31) . In the present study, biotinylated dyneins anchored in various orientations exhibited similar orientation-independent, one-directional MT sliding, leading us to speculate that this slow MT sliding may be driven by biased Brownian motion as in the case of KIF1A (31) or dynein c (35), although we cannot exclude the possibility that the active tilting of the stalk against the AAA ring may drive the orientationindependent MT sliding. Thus, the mechanism for this second mode of MT sliding remains to be identified.
Robust MT sliding, which is driven by the power stroke of the tail of dynein molecules, must be physiologically relevant for intracellular cargo transport along MT tracks given that the velocity of cargo transport (Ϸ1 m͞s) (47, 48) is in the range observed here (Ϸ3 m͞s). Although the contribution of the second mode of slow MT sliding to dynein function remains to be clarified, cytoplasmic dynein may use this mode under certain conditions to supplement the power stroke of the tail.
Materials and Methods
Construction, Expression, and Purification. Expression plasmids for the C-terminal 380-kDa fragment (V1383-I4725) of the Dictyostelium discoideum cytoplasmic dynein heavy chain fused at its N terminus with His 6 -FLAG-GFP (HFG380) or His 6 -FLAG-biotin (HFB380) tandem tags have been described (21, 27, 36) . As the biotin tag, we used the C-terminal 72 residues (G524-A595) of the Klebsiella pneumoniae oxalacetate decarbxylase ␣-subunit (49) as reported (36) . To produce the seven kinds of biotinylated HFG380, the biotin tag was PCR-amplified and inserted between two codons within the HFG380 gene, corresponding to T1490 -E1491, L1555-E1556, E1732-K1733, T1912-Q1913, A2172-E2173, S2471-S2472, or S4450-S4451 of the dynein heavy chain. The resulting constructs were designated T1, T2, T3, T4, R1, R2, and R7, respectively. Each of the constructs was subcloned into the MB38 vector for tetracycline-regulated expression in Dictyostelium (50) .
Plasmids carrying each of the expression constructs were introduced by electroporation into Dictyostelium cells. The transformed cells were selected and harvested as described (11, 36) . The expressed dynein heavy chains were purified by nickel affinity chromatography and then MT affinity (11) . The heavy chains with biotin tag were almost fully biotinylated in vivo as shown (36) . Tubulin was purified from porcine brains (51) . The protein concentrations were determined by the Bradford method (52) using BSA as a standard.
In Vitro Motility Assay. We carried out an in vitro motility assay by fixing the purified recombinant dynein constructs on a glass surface via streptavidin or anti-GFP antibody. These assays were performed at 25°C in assay buffer (10 mM Pipes-KOH͞50 mM potassium acetate͞4 mM MgSO 4 ͞1 mM EGTA͞10 M paclitaxel͞1 mM DTT, pH 7.0).
For motility assays using biotin-streptavidin linkage, assay chambers were sequentially coated with 2 mg͞ml biotinamidocaproyl BSA (Sigma-Aldrich, St. Louis, MO), 1 mg͞ml streptavidin (Wako, Osaka, Japan), and Ϸ2 mg͞ml ␣-casein (Merck, Darmstadt, Germany) (36) . A purified dynein-containing solution (including 70 nM dynein construct, 1 mM ATP, and 0.1 mg͞ml casein) was then perfused into the chambers twice, with a 5-min interval.
For assays using anti-GFP antibody, assay chambers were sequentially coated with 1 mg͞ml streptavidin, 1 mg͞ml protein G-biotin (Sigma-Aldrich), 125 g͞ml anti-GFP antibody (3E6; Qbiogene, Irvine, CA), and Ϸ2 mg͞ml ␣-casein (11, 21) . Purified dynein (230 nM) was then perfused into the assay chambers twice, with a 5-min interval.
Finally, these chambers were filled with assay buffer containing Ϸ0.3 M paclitaxel-stabilized MT and then 1 mM ATP solution containing 0.05% methylcellulose. MT sliding was observed under a BX-51 dark-field microscope (Olympus, Tokyo, Japan) with a ϫ40 objective lens. The images recorded were digitized and analyzed.
The polarity-marked MT was prepared as described (53) . Surface dynein density was estimated by using quantitative Western blotting (36) . The surface area over which dynein interacted with an MT filament was expected to be of the order of the product of the MT length and twice the reach of the dynein constructs (average, Ϸ0.15 m 2 ). Thus, when surface dynein density was 15 molecules per m 2 , the number of dynein molecules interacting with one MT filament was estimated to be two or three (15 molecules per m 2 ϫ 0.15 m 2 ).
Measurements of Basal and MT-Activated ATPase Activities. Just before ATPase measurements were carried out, the amount of ATP in the purified dynein construct solution was depleted to 0.1 mM by using an NAP-5 desalting column (GE Healthcare Bio-Sciences, Piscataway, NJ). Basal and MT-activated ATPase activities were measured as described (11, 21) 
